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Abstract
Micrometer width and nanometer thick wires with different shapes were produced ≈ 3 µm below
the surface of a diamond crystal using a microbeam of He+ ions with 1.8 MeV energy. Initial
samples are amorphous and after annealing at T ≈ 1475 K, the wires crystallized into a graphite-
like structures, according to confocal Raman spectroscopy measurements. The electrical resistivity
at room temperature is only one order of magnitude larger than the in-plane resistivity of highly
oriented pyrolytic bulk graphite and shows a small resistivity ratio (ρ(2K)/ρ(315K) ≈ 1.275). A
small negative magnetoresistance below T = 200 K was measured and can be well understood
taking spin-dependent scattering processes into account. The used method provides the means
to design and produce millimeter to micrometer sized conducting circuits with arbitrary shape
embedded in a diamond matrix.
PACS numbers: 81.05.ug, 78.30.Am, 73.63.-b, 61.82.Ms
1. INTRODUCTION
Diamond is a natural allotrope of carbon,
transparent, insulating and the hardest natural
material on earth. Vavilov and coworkers [1]
have shown that it is possible to induce graphi-
tization in diamond by ion irradiation. One of
the first works trying to change the transport
characteristics of diamond showed that one can
produce conducting regions by carbon implan-
tation on the diamond surface [2]. The value
and temperature dependence of the resistivity of
ion implanted diamond layers was found to be
similar to that of amorphous carbon produced
by sputtering [2, 3]. In a recently published
∗ Corresponding author: Tel.:+49 341 9732765,E-mail: j.barzola@physik.uni-leipzig.de (Jose Barzola-Quiquia)
study, micro-channels were fabricated in single-
crystal diamond using a microbeam of He+ ions
in the MeV energy range [4]. The conductivity
of the microchannels was improved substantially
by annealing treatment, achieving values similar
to polycrystalline graphite [4]. The possibility to
create a relatively long conducting path of mi-
crometer or even narrower width inside diamond
is interesting for possible electrical device appli-
cations where the main electronic circuit remains
well protected by the highly insulating and bio-
compatible diamond matrix.
On the other hand, early studies of 100 keV
nitrogen and carbon implanted into nano dia-
monds, show ferromagnetic hysteresis even at
room temperature [5], and recent studies on mi-
crometer small areas on single crystal diamond
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after irradiation with 2.2 MeV proton micro-
beams provided hints on the existence of mag-
netic order [6, 7]. The authors found that for flu-
encies below 8.4 × 1017cm−2, a very weak mag-
netic response was observed at room tempera-
ture. In both mentioned studies, the origin of
the magnetism was related to the defects pro-
duced by the irradiation.
In this work, a similar technique as in Ref. [4]
was used to produce conducting microwires be-
neath the diamond surface using He+ irradia-
tion. After two annealing steps, different de-
grees of graphitization of the microwire were
reached. Our aim was also to check, whether
those conducting structures can show some de-
gree of magnetic order. As was shown in several
works in the past, defects like vacancies and/or
non-magnetic ions within the graphite structure
as well as in a large number of materials, can
trigger magnetic order even above room tem-
perature, a phenomenon called defect-induced
magnetism (DIM) [8]. Therefore, one can ex-
pect that a defective graphitic structure, like the
one we produce within the diamond structure by
ion irradiation and after annealing, may show
some magnetic response. The possibility of hav-
ing conducting and magnetic microwires within
a pure diamond matrix provides a further inter-
esting option for future application.
2. EXPERIMENTAL DETAILS
2.1. Preparation of sub-micrometer
width and millimeter long graphite wires
To produce a graphite-like microwire (GLM)
inside diamond, we used a polished single crys-
tal (100) diamond of the company Element Six,
with a nitrogen concentration < 1 ppm and a
boron concentration < 0.05 ppm. The diamond
sample was produced by chemical vapor deposi-
tion (CVD) with dimension 2.6×2.6×0.3 mm3.
The He+ ion irradiation used to produce the
wires in diamond was realized using a very sta-
ble high-energy ion nanoprobe in the linear ac-
celerator LIPSION at the University of Leipzig.
The wires within the diamond structure was pro-
duced with a microbeam of 1.8 MeV energy and
an ion current of 2.4 nA.
In our accelerator facilities, using the high-
energy ion nanoprobe, we can obtain a sub-
micrometer ion beam diameter [9] using a two
magnetic quadrupole double lens system. Also,
to produce the long size microwire inside the di-
amond, we need a high ion current and energy
stability. This two important conditions are ful-
filled with the ion accelerator SingletronTM from
the Dutch company High Voltage Engineering
Europa B.V. [10]. The ability to produce com-
plex two dimensional structures (2D) is obtained
with the help of a raster unit, which is located
between the quadrupole lenses and the sample.
Using a self-made program we can produce any
desired 2D structure by deflection of the ion
beam. According to our experimental condi-
tions, we can continuously deflect the He+ ion
beam within a total area of (1780 × 1780) µm2.
As examples, using a beam diameter of ≈ 1 µm,
a microwire of similar width, see Fig. 1(a), inside
a diamond substrate was produced and after an-
nealing, we have graphitized the wire. As a proof
of the ability of our ion nanoprobe to produce
complex structures (see also other structures in
supplementary information), we have prepared
a graphitized loop, see Fig. 1 (b-d), which can
be used to generate small magnetic fields and/or
microwave fields in order to manipulate, e.g., the
spin states of NV centers in diamond. The im-
ages in Fig. 1 were obtained with a self made
confocal optical microscopy implemented with a
lens (Olympus MPlanApo 100x/NA0.95), a laser
beam with λ = 532 nm and a lateral and depth
resolution of ≈ 300 nm and ≈ 1 µm respectively.
Summarizing, we are able to produce long wires
with a width of ≈ 1 µm and desired shape.
These results show the possibilities to produce
2D graphitized structures inside diamond for fu-
ture applications.
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Fig. 1. Image of graphitized structures. (a)
Confocal image of a wire with a width in the
order of ≈ 1 µm. (b) Confocal image of a wire in
shape of a loop. All images taken after annealing
(c) 3D sketch of the loop (d) optical picture of
the wire loop showing the current-voltage (I−V )
contacts at the surface of the diamond.
2.2. Irradiation Effects on Diamond
and Annealing Treatments
After irradiation of diamond with He+ ions
of energy and fluence similar to the ones we
used in this work, an amorphous phase is pro-
duced at the region where the irradiated ions
stop [1]. By annealing at high temperatures,
this amorphous carbon region can later be trans-
formed into graphite or back to diamond struc-
ture, which is correlated to the density of va-
cancies produced by the irradiation. There ex-
ists an estimated critical vacancy density Nv0 ∼
1022cm−3 [11] to induce graphitization in the
material after ion irradiation at room tempera-
ture and after annealing. According to other ex-
perimental work and supported by molecular dy-
namics simulation, the critical density necessary
to graphitize the surface [12] was determined to
Nv0 ≈ 9 × 10
22cm−3. Raman measurements in-
dicate that after annealing above T ≈ 700 K the
graphitization process begins by formation and
growth of sp2 bonded nanoclusters [12].
We have irradiated the diamond sample with
He+ ions using a fluence of φ = 5.5× 1017cm−2,
which gives a vacancy densityNv & 9×10
22cm−3
in a specific depth, see Fig. 2(a) estimated from
Monte-Carlo simulation done by SRIM [13]. The
program simulates the atomic-displacement cas-
cades in solids on the base of the binary-collision
approximation to construct the ion trajecto-
ries [14]. For the calculations we have assumed
a dislocation energy of 52 eV [15]. This va-
cancy density is around the minimum value
for graphitization after annealing of the ion-
produced amorphous carbon phase.
To facilitate the transport measurements per-
formed in this study, the produced GLM had di-
mension of 15 µm width, 1350 µm total length
and a estimated thickness of 130 ± 5 nm, see
Fig. 2(a). According to the SRIM calculations
the major damage density produced in the di-
amond sample is located at ≈ 3.1 µm beneath
the diamond surface, which was verified by con-
focal micro-Raman spectroscopy (CRS), see Sec-
tion 3 3.1.
After He+ irradiation, the sample was first
annealed at T ≈ 1475 K in a vacuum chamber
with a pressure of P ≈ 5 × 10−6 mbar (heating
rate of 15 K/min and cooling rate of 10 K/min)
for 4 hours for the first and for 2 additional
hours in the second annealing treatment. After
the first and also after the second annealing pro-
cess the sample was placed in an oxygen plasma
chamber at room temperature in order to remove
the conducting carbon-based thin layer formed
at the surface after the annealing, to avoid any
contribution to the transport measurements.
3
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Fig. 2. Sketch of the sample and contact prepa-
ration. (a) SRIM simulation showing the va-
cancy density versus the penetration depth for
the fluence and energy (see main text) used in
this work. (b) In the first irradiation step, the
microwire was produced without a mask, after-
wards, the diamond substrate was covered using
a copper grid. (c) The sketch shows how con-
tacts from the embedded wire were grown on the
substrate surface. (d) Sketch of the amorphous
carbon region (top) and the region transformed
into graphite (bottom) by annealing at high tem-
peratures.
2.3. Electrical Contacts to the Mi-
crowire, Transport and Raman Measure-
ments
The contacts for the electrical measurements
have to be done at the surface of the substrate.
For this purpose we used a commercial copper
grid used for transmission electron microscopy
(2000 mesh), having the advantage that the grid
has a wedge shape allowing a continuous change
of the He+ ions penetration depth inside the di-
amond sample, see Fig. 2(b-d). At the surface
of the sample and at a distance of ≈ 450 µm,
square-like contacts with dimension of ≈ 50 ×
50 µm2 were prepared in direct electrical contact
with the embedded microwire, Fig. 2(c). A sim-
ilar but more complicated method was already
used in Ref. [4]. Afterwards, the electrodes were
made by sputtering of Cr/Au directly at the top
of the square-like regions at the surface, after an
electron beam lithography process. Finally, the
contacts to the chip carrier, where the sample
was fixed for the transport measurements, were
produced using silver paste and gold wires.
Resistance measurements were carried out
using the conventional 4-points method using
an AC Bridge (Linear Research LR-700) in the
temperature range of 2 K to 310 K. For the
current-voltage (I–V ) measurements, we used
the Keithley DC and AC current source (Keith-
ley 6221) and a nanovoltmeter (Keithley 2182).
The resistance and its magnetic field depen-
dence were measured with a commercial cryo-
stat from Oxford Instruments with a supercon-
ducting solenoid that provides a maximum field
of ± 8 T perpendicular to the main axis of
the microwire. Raman characterization was car-
ried out at room temperature using a confocal
micro-Raman microscope (alpha300+, WITec
company) with an incident Laser light of λ =
532 nm, a lateral resolution of ≈ 300 nm and
axial resolution of ≈ 900 nm.
3. RESULTS AND DISCUSSION
3.1. Raman results
To get information about the structural prop-
erties of the measured wire produced inside the
diamond sample, we have used CRS, which is
probably the only method to get information
4
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Fig. 3. Raman results measured at the surface
and inside the diamond substrate. The curves
CR1 and CR3 were obtained fixing the focus of
the Raman microscope at the surface (CR1) on
the as-received sample, and in a depth of 3 µm
(CR3) after irradiation and second annealing.
The curve CR2 was obtained from the measure-
ments at the surface after He+ irradiation and
the second heat treatment. The continuous lines
through the experimental curves are the fits to
the data. The insets show confocal Raman im-
ages, in (a) the loop shown in Fig. 1 can be seen,
(b) the image shows a close up of a graphite wire
and (c) shows an area perpendicular to the sur-
face, i.e. as function of the sample depth. The
bright part represents the G-graphite peak.
about the microstructure produced inside the di-
amond without destroying it. Fig. 3 shows the
Raman results.
The curve named CR1 in Fig. 3 was mea-
sured at the surface of the as-received diamond
sample. The Raman peak at ≈ 1332 cm−1 is the
characteristic peak for carbon in the diamond
structure. The small bump at ≈ 1430 cm−1 is
related to the appearance of disorder at the sur-
face of the sample during the polish process [16].
The curve CR3 obtained after irradiation and
the second annealing was measured with the fo-
cus at ≈ 3 µm depth from the diamond sur-
face. The results confirm the estimated depth
from the SRIM calculations. The results of the
curves CR2 and CR3 show three characteristic
peaks, one at ≈ 1332 cm−1 corresponding to the
diamond structure, a second peak due disorder
graphite, the so-called D peak at ≈ 1350 cm−1.
The third and the most important peak for the
characterization of graphite structure, called the
G-peak, appears at ≈ 1580 cm−1 as a conse-
quence of the double degenerate zone center E2g
mode.
Our Raman results resemble those obtained
in [12], specially for similar annealing tempera-
tures. The results CR2 and CR3 can be very
well fitted using Gaussian functions centered at
the aforementioned Raman peaks. The results
are shown as continuous black lines in Fig. 3
and describe very well the experimental results.
From the fits we get also information about the
peak intensity IG and ID corresponding to the
G and D peak respectively.
From these results it is possible to estimate
the crystal size [17] La using Eq. (1):
La(nm) = (2.4 × 10
−10)λ4l
(
ID
IG
)
−1
, (1)
which correlates the crystal size La with the inte-
grated intensities of the D and G peaks and the
laser excitation wavelength λl = 532 nm. Us-
ing this equation, we obtain La = 8 ± 2 nm,
similar to the results of Rubanov et.-al. using
transmission electron microscopy [18], where di-
amond samples were irradiated with He+ ions
using a fluence between 3×1016−10×1016cm−2
followed by an annealing for 1 h at 1400 ◦C.
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3.2. Temperature Dependence of the
Electrical Resistance
After the first annealing the sample shows (at
low temperatures) non-linear I–V curves, indi-
cating that non graphitized regions remain in the
sample which act like barriers. It has been shown
that, whenever a barrier is present between the
conducting grains, the resistance R(T ) and mag-
netoresistance (MR) depend on the applied cur-
rent like in multi-wall carbon nanotubes bun-
dles [19]. Here we do not discuss the R(T ) and
I–V results after the first annealing (see supple-
mentary information) because our interest lies in
the behavior of the transport properties in the
Ohmic regime, without any influence of poten-
tial barriers, this is obtained after the second
annealing treatment.
The resistance results after the second an-
nealing are shown in Fig. 4. The experimen-
tal results from 2 K to 315 K are shown as open
symbols. The observed temperature dependence
is clearly different from the one we obtained
after the first annealing treatment. The resis-
tance ratio RA2(2K)/RA2(315K) ≈ 1.275 is one
order of magnitude smaller than the one after
the first annealing, and of the same order as for
nano-graphite films [20] and few layer graphene
films [21, 22]. The current-voltage curves after
second annealing are linear in all measured tem-
perature range and are shown in the supplemen-
tary information.
The temperature dependence of the resis-
tance, see Fig. 4, indicates the existence of two
different regions, one below and the other above
T ≈ 75 K. We have identified (see supplemen-
tary information) that the dominant mechanism
at high temperatures is the so-called Mott vari-
able range hopping (VRH) [23], given as:
RV RH(T ) = RM exp
[(
T0
T
)1/4]
, (2)
where T0 is a characteristic temperature coeffi-
cient defined as:
T0 =
18
kBξ3N(EF)
, (3)
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Fig. 4. Temperature dependence of the resis-
tance (after the second annealing). The inset
shows the resistance versus T−1/4. The continu-
ous lines are the fits results.
and ξ is the localization length, N(EF) the den-
sity of states at the Fermi level and RM is a con-
stant prefactor. In order to fit the resistance over
all the measured temperature range, we need to
include an extra transport mechanism in parallel
(we have also checked other configurations, see
supplementary information) given as:
RA2(T )
−1 = RV RH(T )
−1 +Rm(T )
−1, (4)
with
Rm(T ) = R0 +RaT +Rb · exp(−Ea/kBT ), (5)
a metallic-like contribution, which dominates at
low temperatures. The coefficients R0, Ra, Rb
as well as the activation energy Ea are free pa-
rameters. R0 a residual temperature indepen-
dent resistance that we include in the metallic-
like contribution only, provides a saturation of
the resistance at low temperatures. The contri-
bution Rm(T ) was already used to explain the
6
RM (Ω) T0,Mott(K) R0(Ω) Ra(Ω)
686.66 723.6 2431.31 20.08
Rb(Ω) Ea(meV) N(EF ) (eV
−1cm−1)
276.4 1.96 2.3 × 1024
TABLE I. Summary of parameters obtained af-
ter fitting the resistance RA2(T ) using Eq. (4).
temperature dependence of the resistance in bulk
graphite [24], few layer graphene samples [22, 25]
and nano-graphite thin films [20]. Its origin is
related to certain interfaces formed between the
graphite crystallites. We can fit the experimen-
tal resistance data to Eq. (4) very well. The
results are shown as continuous lines in Fig. 4
and the fitting parameters are listed in Table I.
The inset of Fig. 4 shows clearly the temper-
ature ranges where each transport mechanism
dominates the electric transport. We have as-
sumed a localization length of ξ ≈ 0.5 nm [26],
which was estimated for similar samples, by
means of spectroscopic ellipsometry, Raman
spectroscopy and transport measurements. The
localization length used in this work is close to
the value of 1.2 nm used by Hauser et-al [2].
We estimate N(EF ) ∼ 2.3 × 10
24 eV−3cm−1,
which is of the same order as reported for
graphitic materials [27] and multi-walled carbon
nanotubes [28]. Values of N(EF ) of several or-
ders of magnitude lower than our result were
found for similar ion irradiated diamond, but
these samples were not annealed [2, 29] or even
measured when a barrier was present [29]. Fi-
nally, the calculated resistivity of the GLM is
ρ(300 K) = 7 . . . 8 × 10
−5 Ωm, one order of mag-
nitude larger than bulk graphite in-plane resis-
tivity (ρ(300 K) = 0.5 × 10
−5 Ωm) [21, 22, 30] or
the resistivity of few layer graphene (ρ(300 K) =
3 . . . 50 × 10−5 Ωm) [21, 22] and three orders of
magnitude lower than pure amorphous carbon
(ρ(300 K) > 10
−2 Ωm) [31, 32]. However, the
GLM resistivity is comparable to other nano-
graphite thin films prepared by chemical vapor
deposition and aerosol assisted chemical vapor
deposition (ρ(300 K) = 3 . . . 8 × 10
−5 Ωm) [20].
From experiments it is known that the resistiv-
ity ratio between the in-plane (ρa) and out-of-
plane (ρc) resistivity in graphite is in the order
of ρc/ρa ≈ 10
3
− 104 [30, 33], indicating that
the transport in our sample is dominated by
the in-plane resistivity. Further, it means that
the produced GLM have nano-crystals with a
preferential c-axis normal to the substrate sur-
face. The obtained transport characteristics of
the produced GLM are important for future ap-
plications, because the resistivity and its tem-
perature dependence make this GLM interest-
ing to be used for electronic circuits in a broad
temperature range.
3.3. Magnetoresistance
To obtain any information of the magnetic
properties of the GLM there are no experi-
mental methods other than transport because
the wire is not only embedded inside the dia-
mond matrix but also its mass is too small to
be measured with commercial magnetometers.
The magneto-transport measurements at differ-
ent constant temperatures were done with an
external magnetic field applied perpendicular to
the current and main axis of the GLM. The re-
sults of the magnetoresistance MR defined as
MR = [R(B)−R(0)]/R(0) are shown in Fig. 5.
We observe a magnetic field dependence of
the resistance, which is positive at T = 2 K, and
negative in the field range of -3 T < B < 3 T at
5 K and 10 K. At temperatures T > 10 K the
MR is negative in all the field range. The pos-
itive MR at very low temperatures can be un-
derstood as a consequence of the strong Lorentz
contribution. This tends to vanish at high tem-
peratures. The negative MR can be attributed
to a spin dependent scattering process. Due
to the relatively high temperatures and mag-
netic field range where the negative MR is ob-
served, we can rule out weak localization ef-
fects. According to the theory developed by
7
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Fig. 5. Magnetoresistance at different constant
temperatures. The inset shows theMR obtained
at T 0 20 K. The lines through the points are
fits to Eq. (6). The results were shifted by a
constant in the vertical axis in order to facilitate
a detailed view.
Toyozawa [34] and later modified by Khosla and
Fischer [35], the MR of systems with localized
magnetic moments can be described using the
following equation:
MR = −P 21 ln(1 + P
2
2B
2) +
P 23B
2
1 + P 24B
2
. (6)
The free parameters P1 and P2 depend on sev-
eral factors such as a spin scattering amplitude,
the exchange integral, the density of states at
the Fermi energy, the spin of the localized mag-
netic moments and the average magnetization
square [34, 35]. The parameters P3 and P4 de-
pend on the conductivity and the carrier mobil-
ity. In general, Eq. (6) contains two competi-
tive terms. The first term describes the negative
T (K) P1 P2(1/K) P3(1/K) P4(1/K)
2 0.1643 0.0300 0.02053 0.16316
5 0.013 1.68 0.00936 0.05081
10 0.0114 1.6428 0.00541 0.00133
15 0.0148 1.00675 0.0015 4.075E-7
20 0.017 0.668 1E-4 3.07E-7
TABLE II. Summary of parameters obtained af-
ter fitting the MR using Eq. (6).
contribution due to a spin-dependent scattering
mechanism (s-d usually in d-band ferromagnets,
s-p in p-band ferromagnets [36]). The second
term describes a positive MR due to the usual
Lorentz force contribution. Using this equation
we have fitted our experimental results. They
are shown as continuous lines in the inset of
Fig. 5 and the corresponding parameters are
listed in Table II. The fits describe very well
the experimental results at all measured tem-
peratures, indicating the existence of spin de-
pendent scattering in our GLM, however, this is
not an evidence of magnetic order. Similar re-
sults were already observed in magnetic samples
where the magnetic order was triggered by de-
fects, as in proton irradiated graphite [37], pro-
ton irradiated ZnO:Li microwires [38], as well as
in samples with magnetic elements like in sin-
gle multi-walled carbon nanotubes filled with Fe
nanorods [39].
The magnetic scattering contribution in our
samples can be explained as a consequence of
defects present in the disordered graphite struc-
ture of the microwire. Because of the prepara-
tion method used to produce the microwire, we
can rule out the presence of magnetic impurities.
The almost zero MR for temperatures T & 200 K
opens the possibility to use GLMs in a device
under application of high magnetic fields.
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4. CONCLUSION
In this work we have prepared a graphitized
wire of 1350 µm length and lateral area of ≈
15 µm × 130 nm inside a diamond matrix by
means of He+ irradiation and heat treatment.
After annealing, the resistivity of the microwire
is only one order of magnitude larger compared
to graphite. Also, its temperature dependence
can be well described by the parallel contribution
of VRH and a metallic-like conduction, similar
has been observed in other carbon based mate-
rials. The measured magnetoresistance can be
well described by a semi empirical model, which
takes into account a spin dependent transport
mechanism used to describe the MR of mag-
netic diluted semiconductors as well as magnetic
carbon-based materials, related to the defect-
induced magnetism.
In summary, the low resistivity (ρ(300 K) =
7 . . . 8 × 10−5Ωm), the small resistivity ratio
(ρ(2K)/ρ(315K) ≈ 1.275) and the very small
magnetoresistance, make the graphitized wires
inside diamond candidates to be used as cir-
cuit elements. Our microwire preparation can
be taken as basis for the production and future
application of GLMs inside diamonds. For ex-
ample, a GLM can be used to produce a mag-
netic field by a loop inside the diamond and thus
allows, e.g., further manipulation of NV-centers
for future application in quantum computation.
Another possibility is the application in biol-
ogy. Considering that diamond is a biocompati-
ble material, the here used method would enable
the design and production of complete electrical
circuits that can allow the monitoring of electric
signals in-situ the human body.
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